[1] In this study we quantitatively investigate auroral power rate of change during periods of plasma sheet fast flows. We first identify plasma sheet fast flows from Geotail plasma and magnetic field data and then estimate the rate of change in integrated auroral power over the nightside auroral region using Polar Ultraviolet Imager auroral images over the course of the fast flows. It is found that almost all tailward fast flows are associated with increasing auroral power. Half of earthward fast flows are associated with decreasing auroral power, indicating that the earthward fast flows are not necessarily associated with increasing auroral power. In addition, we quantitatively investigate relationships between the integrated nightside auroral power rate of change and average local magnetic field B z at Geotail during fast flow periods. We find that almost all negative B z events are associated with increasing auroral power. The integrated auroral power for positive B z events increases and decreases almost equally often. Results derived from a further division of the earthward fast flows events at X = À20 R E show that 67% of the earthward fast flows for X > À20 R E are associated with increasing auroral power, but 54% of the earthward fast flows for X < À20 R E are associated with decreasing auroral power. Moreover, percentage of earthward fast flows with increasing auroral power for the 2300-0100 MLT sector is significantly larger than those for other two local time sectors (2100-2300 and 0100-0300 MLT).
Introduction
[2] The average ion flow speed in the central plasma sheet is normally very low [Huang and Frank, 1986] . Fast ion flows may occur in short bursts with long separations and under all levels of geomagnetic activity [Baumjohann et al., 1988] . The occurrence rate for fast flows (>400 km/s) estimated by Baumjohann et al. [1990] is $3.1% of all samples taken in the inner and outer central plasma sheet. The fast flows are generally believed to play an important role in plasma transfer in the magnetotail [Angelopoulos et al., 1992; . However, Paterson et al. [1998] found no evidence to support that the fast flows significantly contribute to the transport of magnetic flux. At present, there is still a debate about the importance of fast flows to the magnetic flux transport Angelopoulos et al., 1999] . Schödel et al. [2001] identified rapid (or fast) flows using flux transport rate, not ion bulk velocity, as the threshold parameter of the identification. They found that rapid convection was responsible for 30-50% of the observed total transport of mass, energy, and magnetic flux past Geotail in the central plasma sheet.
[3] Fast flows are likely associated with acceleration processes in the reconnection region. statistically showed that tailward fast flows with a southward magnetic field and earthward fast flows with a northward magnetic field separate at 20 -30 R E in the magnetotail. Their result can be interpreted as a reconnection resulted from having a neutral line at 20-30 R E before the onset time of a substorm. Other studies Machida et al., 1999] showed that a near-Earth neutral line is occasionally formed at X > À20 R E . It should be noted that current disruption can also result in tailward fast flows and southward magnetic field [Lui, 2000] .
[4] In addition to the near-Earth reconnection process, bursty earthward flows can be interpreted as supporting a plasma bubble mechanism [Chen and Wolf, 1993] . Localized and underpopulated flux tubes originating in the distant tail move earthward at high speed due to polarization electric fields in the bubble. Also, the reconnection taking place in the distant tail is a possible process for the generation of an earthward fast flow . A retreat of a tailward flow due to the formation of a near-Earth neutral line may also result in an earthward fast flow . Most recently, Lyons et al. [2002] proposed that the bursty nature of the earthward flows may result from a combination of electric and magnetic variations due to large-scale Ultra Low Frequency (ULF) mode enhancements in the magnetosphere.
[5] Associations of plasma sheet fast flows with auroral brightenings were extensively studied in the past, using plasma and magnetic field data from Geotail and Polar Ultraviolet Imager (UVI) auroral images. Lui et al. [1998] first identified 102 traditional substorm auroral breakups from the images and then examined the Geotail data. Their results indicate that the plasma activities associated with the auroral breakups are transient and spatially localized; that is, the fast plasma flows are not always present during and even before the auroral breakups. Fairfield et al. [1999] , Nakamura et al. [2001] , and Ieda et al. [2001] studied the association in an opposite way, first identifying plasma sheet fast flows and then examining auroral images. Fairfield et al. [1999] showed that auroral brightenings subsequently developed near the foot point of Geotail where earthward fast flows were observed. Nakamura et al. [2001] concluded that all the earthward flow bursts correspond either to localized auroral intensifications or an activation which starts at the poleward edge of the expanded auroral oval and develops equatorward. Ieda et al. [2001] studied tailward moving plasmoids and found that almost all the plasmoids correspond to auroral brightenings, but the brightenings are sometimes weak and spatially limited.
[6] The results derived by Fairfield et al. [1999] , Nakamura et al. [2001] , and Ieda et al. [2001] showed the appearance or enhancement of auroral activity occurring near the ionospheric foot point of fast flows, without quantitatively evaluating whether the aurora activity is enhancing or diminishing. Thus we calculate auroral power rate of change before and after the fast flows occur, pursuing a quantitative examination on relationships between the fast flows and the auroral brightness.
Data Preparation
[7] To achieve the goal of this study, we first identify fast flows from plasma and magnetic field data from Geotail and then estimate the auroral power rate of change associated with the fast flows from Polar UVI auroral images. Since the Polar UVI camera had a better field of view on the auroral oval in 1997 and 1998 than the other years, we examined the Geotail plasma and magnetic field data and Polar UVI images for the two particular years.
Identifying Fast Flows
[8] Geotail had a perigee of $10 R E and a apogee of $30 R E in the solar-ecliptic plane during the period of 1997 -1998. Geotail 12-s average low energy particle (LEP) data [Mukai et al., 1994] and magnetic field (MGF) data [Kokubun et al., 1994] are used to identify plasma sheet fast flows.
[9] We identify periods of fast flows by using a criterion of jV x? j > 300 km/s, where V x? is the X component of the plasma flow perpendicular to the ambient magnetic field. This criterion is different from that used by Angelopoulos et al. [1992 Angelopoulos et al. [ , 1994 ( jV x j > 400 km/s) and that used by Hayakawa et al. [1982] (jV x j > 300 km/s). We use V x? instead of V x as did Paterson et al. [1998] and Ohtani et al. [2002] for their studies because V x? is believed to be a better representation of magnetic flux transport than V x itself. If two fast flows occur within 15 min, they are considered one event. We have identified 921 events from the 2-year period of the data. The starting time of the event is designated as the time of the first data point with jV x? j > 300 km/s. We also impose a constraint of b > 0.5 for covering at least 85% duration of the event on the selection of the fast flow events, where b is the ratio of the ion pressure to the magnetic pressure. This constraint ensures that Geotail is mainly in the central plasma sheet, not in the plasma sheet boundary layer. Moreover, we select events with Geotail locations around the noon-midnight meridian (À20 < Y < 20 R E ) to avoid some magnetosheath events. We only use fast flows events that occurred between 2100 and 0300 MLT.
Calculating the Integrated Auroral Power Rate of Change
[10] The Polar UVI instrument carries four major optical filters with different wavelength bands [Torr et al., 1995] . In this study we use the Lyman-Birge-Hopfield long (LBHlong) band ($170.0 nm) with 36-s exposure time because auroral intensity in this band is approximately proportional to the total energy flux [Strickland et al., 1993; Germany et al., 1994] . The spatial resolution of the Polar UVI images is $20-40 km, while the altitudes of Polar were >4 R E . A series of calibrations have been performed to subtract background emissions, convert counts to photon fluxes, correct flat field and nadir-looking platform effects, and subtract dayglow emissions from the images [Brittnacher et al., 1997; Liou et al., 1998 ]. We use Altitude Adjusted Corrected Geomagnetic Model [Baker and Wing, 1989 ] to calculate magnetic local time (MLT) and magnetic latitude (MLAT) for each pixel of the images. High-resolution pixels of the images are binned and averaged in a grid system of 0.25 hours in MLT and 0.5°in MLAT. Uncertainty defined as the standard error of the mean are also estimated for each grid when we calculate the mean of each grid.
[11] We examine the availability of Polar UVI images for a period of 30 min centered at the starting time of the fast flow events. Since the LBH-long images were usually taken every 3 min for 1997 and 1998, we should have 11 corresponding Polar UVI images for each event. In real situations, some images are missing or of bad quality. For the best of later fitting work, we discard events with <9 corresponding images. Also we discard events with a change of field of view of the Polar UVI camera which occurred during the events. As we know, this field of view change may create an abrupt but not real increase or decrease in our estimation of integrated auroral power, resulting in affecting the accuracy of the fitting.
[12] We then integrate auroral power over a region of 60-80°MLAT and 2000-0400 MLT for each of the UVI images for the 30 min period of each fast flow event. We do not integrate the auroral power for events with <30% field of view over the integration region. Any emission change in the region, whether or not they are related with the fast flow, will SMP 6 -2 reflex in the value of the auroral power. The estimation of the auroral power can be used to evaluate the large-scale impact of the localized fast flow in terms of auroral energy transport. To quantitatively investigate the auroral energy change during which fast flows occur, we fit a straight line to all the auroral power calculated for each event by using the least-squares method. The slope of the straight line is interpreted as the auroral power rate of change. If the slope is positive (negative), it indicates that the fast flow is related with the enhancing (diminishing) auroral activity. Since auroral brightness changes with season [e.g., Shue et al., 2001] , the absolute value of the integrated auroral power may be biased by the seasonal effect. Using of the auroral power rate of change enables us to avoid the bias.
[13] A total of 149 events are left through a series of event selection criteria. We obtain average V x? by averaging V x? with an absolute value of >300 km/s and then assigning the sign of the predominant direction for each event. The absolute value of the average V x? is always above 300 km/s. We denote events with positive (negative) average V x? as earthward (tailward) fast flow events. A distribution of Geotail locations in the equatorial plane for these events is shown in Figure 1 . Pluses and diamonds denote locations with earthward and tailward fast flows, respectively. Lacks of events in the premidnight and 20-25 R E region and in the postmidnight and 10-20 R E region are mainly due to the unavailability of corresponding Polar UVI images. It is found that we have more earthward fast flow events than tailward fast flow events. The earthward fast flows occur at a distance from X = À5 to À30 R E , but almost all of the tailward fast flows occur beyond À20 R E .
Case Studies
[14] Among the 149 events, there are 31 events for tailward fast flows and 118 events for earthward fast flows. We will show four earthward fast flow events and four tailward fast flow events for case studies, which represent a variety of relationships between auroral activity and fast flows.
Earthward Flow Event I: Occurred at 2249 UT, 27 May 1997
[15] Figure 2 shows an event of the earthward fast flow for 27 May 1997. Two major earthward fast flow periods (above 300 km/s) are identified for the day. Since the two periods occur within 15 min, they are considered one event. The starting time of the fast flow is selected at 2249:58 UT as defined as the first data point of the first fast flow period. Geotail measurements have been shifted to the starting time of the fast flow. Negative (positive) timings mean before (after) the fast flow occurred. The local magnetic field in the Z direction (B z ) was positive and the b value was much >0.5 during the event.
[16] Polar UVI auroral images taken during the fast flow are shown in Figure 2a . There was some auroral activity occurring on the dawnside at 15 min before the fast flow. There was not much auroral activity on the duskside at that time. A bright spot appeared near premidnight at À6 min. We use the Tsyganenko [1989] magnetic field model to map the foot point of Geotail, as marked by a diamond on the images, finding that the bright spot occurred near the foot point of Geotail. At the moment, we caution that the accuracy of mapping the foot point of Geotail depends on the accuracy of a magnetic field model. A small velocity spike occurred in the magnetotail at À6 min, which apparently is related to the bright spot. This bright spot did not last for a long time. A typical substorm started near midnight at À3 min and continued to develop its strength for 6 min, which clearly suggests a strong relationship between the earthward fast flow and the auroral brightness. Geotail was located at X = À12.0 R E at that time. If the nearEarth reconnection starts at 20-30 R E in the tail, Geotail will observe earthward fast flows, and substorm aurora will develop near midnight as expected from the theory.
[17] We integrate auroral power for each of the 11 images taken during the event using the procedure described in section 2.2. The auroral power is plotted against timing in Figure 2b . The strength of auroral power was $20 Gigawatts (GW) before the fast flow and reached $60 GW after the fast flow. We also intergrate the uncertainty over the integration region. The integrated uncertainty is marked as the vertical bar on each data point of the auroral power. We fit a straight line to these data points by using a least-squares method. The slope of the straight line is 1.17 GW/min.
Earthward Flow Event II: Occurred at 1609 UT, 23 January 1997
[18] Figure 3 shows an event of the earthward fast flow for 23 January 1997. Geotail observed two major fast flow periods with V x? > 300 km/s during the day, see Figure 3c . Since the two periods occurred within 15 min, they are considered one event. The starting time of the fast flow event is chosen as the starting time of the first fast flow period (1609:56 UT). The local magnetic field was northward and b was >0.5 during the event.
[19] The auroral activity was, in general, weak (<12.0 Photons cm À2 s
À1
) during the event, see Figure 3a . A weak auroral spot ($11.7 Photons cm À2 s
) appeared near the foot point of Geotail at 12 min before the fast flows occurred. The intensity of this weak auroral spot decreased to $8.6 photons cm À2 s À1 at the starting time of the fast flows and then to $3.0 photons cm À2 s À1 at 12 min after the fast flow occurred. This event shows that the fast flow is associated with decreasing auroral brightness near the foot point of Geotail.
[20] Figure 3b shows that integrated auroral power increases very slowly during the event. The calculated auroral power rate of change is 0.02 GW/min. This event suggests that the earthward fast flow can increase the total nightside auroral power, although it does not increase the auroral brightness near the foot point of the fast flow. Geotail was located at X = À30.4 R E during the event. If the earthward fast flow is related with the near-Earth reconnection process, the reconnection site should be beyond this point. However, the typical near-Earth reconnection usually starts at X > À30 R E . Thus the generation of the fast flows is not necessarily associated with the near-Earth reconnection. Other processes such as polarization electric fields, or large-scale ULF mode enhancements, or the distant reconnection, or a retreat of a tailward flow may attribute to the fast flow.
Earthward Flow Event III: Occurred at 1403 UT, 7 January 1997
[21] Figure 4 shows an event of the earthward fast flow for 7 January 1997. Geotail, which was located at (À30.2, À3.9, À3.1) R E , observed a period of fast flows started at 1403:09 UT, preceding by slow tailward flows. The local magnetic field was mainly northward but with a short excursion to the southward B z a few minutes after the fast flow occurred. The b was >0.5 during the event.
[22] Auroral images show complex auroral activities occurred before the fast flow. Auroral intensification occurred near the poleward boundary of the auroral oval in the premidnight sector before the fast flow occurred. An auroral bright spot emerging on the diffuse aurora occurred in the postmidnight sector. These auroral activities were diminishing during the event. Unlike Earthward Flow Events I and II, the integrated auroral power shows a trend of decreasing auroral power, implying that the fast flow is not necessarily associated with the increasing auroral power. Note that it is sometimes difficult to tell if a brightening is occurring when the preexisting aurora are much more intense than the additional brightening. In this event, however, no brightening was occurring, though there was some preexisting diminishing aurora. [23] It is apparent that the substorm expansion had passed and the state of the magnetosphere was in the recovery phase of a substorm during the event. Both the current disruption and near-Earth neutral line models predicts a generation of a near-Earth neutral line, resulting in a current wedge, enhancing auroral brightness which occurred near midnight. Actually, the auroral brightness during this event was decreasing. Thus this event further supports the result concluded from Earthward Flow Event II, that the generation of the fast flows is not necessarily associated with the near-Earth reconnection. Since Geotail observed tailward plasma flows with a velocity of <300 km/s followed by an earthward fast flow, it is likely that the earthward fast flow was associated with retreats of the tailward flows.
Earthward Flow Event IV:
Occurred at 1857 UT, 12 January 1997
[24] Figure 5 shows an event of the earthward fast flow for 12 January 1997. Geotail observed four major earthward velocity spikes with a value of >300 km/s during the day. The time differences of these velocity spikes occurred within 15 min. Thus they are considered one event. The starting time of the event is designated as the starting time of the first velocity spike (1857:29 UT). The local magnetic field was northward and the b was >0.5 during the event. The plasma temperature was highly fluctuating.
[25] Convection aurora, which was reported by Shue et al. [2002] , appeared on the duskside and dawnside at À15 min.
A substorm aurora occurred in the premidnight sector later and expanded poleward. This substorm did not develop to a full-scale substorm, only creating a small bump on the nightside auroral power, see Figure 5b . The auroral brightness started increasing with the coming of the first fast flow. However, it did not enhance the auroral brightness as much as the previous substorm did. The auroral brightness then continued decreasing regardless of the coming of the third and fourth fast flows. This event as well as Earthward Flow Event III indicates that the earthward fast flows are not necessarily associated with the increasing auroral brightness.
Tailward Flow Event I: Occurred at 0726 UT, 12 January 1997
[26] Figure 6 is an event of the tailward fast flow for 12 January 1997. Geotail observed very steady, small velocity before the fast plasma flow occurred. The velocity became highly fluctuating in the tailward fast flows, so did the magnetic field. The local magnetic field turned southward for a few minutes and returned to be northward after the tailward fast flow occurred. The tailward fast flow with the southward B z is a typical feature of the near-Earth reconnection. The plasma density became large in the tailward flow. The feature of highly fluctuating plasma and fields can be predicted by the current disruption model.
[27] There was azimuthally elongated aurora occurring on the dawnside [Shue et al., 2002] at À15 min. The auroral activity was quiet near the foot point of Geotail. A fullfledged substorm developed in the premidnight sector, significantly contributing to the nightside auroral power. Geotail was at X = À28.8 R E during the event. The nearEarth reconnection most likely occurred earthward of Geotail. The reconnection reconfigured the magnetic field and produced tailward fast flows from the reconnection site. This event suggests not only a strong relationship between the tail fast flow and the auroral brightness but also a largescale impact on magnetotail energy transport associated with the localized fast flow.
Tailward Flow Event II: Occurred at 0748 UT, 10 February 1997
[28] Figure 7 shows an event of the tailward fast flow for 10 February 1997. The V x? was mainly positive but with a negative velocity spike occurring at 0748:01 UT. The Geotail was at X = À15.1 R E . The background magnetic field here is expected to be larger than that at X = À28.8 R E for Tailward Flow Event I. If this tailward fast flow is associated with the reconnection, the reconnection must occur earthward of X =À15.1 R E . The reconnection produces a negative B z , reconfiguring the magnetic field. The b was mainly >0.5 except for a small period occurring at 3 min. This small period does not significantly affect our identification of the central plasma sheet.
[29] The location of Geotail during the event was mapped to the dawnside of the ionosphere where relatively steady aurora was noticed. The auroral activity was pronounced in the premidnight sector and sustained throughout the event. We have no information on whether or not there was a fast flow associated with the pronounced aurora. In general, the integrated auroral power shows a trend of increasing auroral brightness with two bumps. The first bump occurred before 
Tailward Flow Event III: Occurred at 1112 UT, 25 February 1998
[30] Figure 8 shows an event of the tailward fast flow for 25 February 1997. The absolute value of V x? was below 300 km/s in the beginning of the event and increased to above 300 km/s at 1112:30 UT. The local magnetic field was near zero and with a very short period of southward B z occurred at the time of the fast flow. The b was >0.5 during the event. The plasma density was quite steady.
[31] The background V x? in the central plasma sheet is usually earthward. The near-Earth reconnection creates tailward fast flow during a substorm expansion and the tailward fast flow slows down during the recovery phase of indicates a threshold value of À300 km/s. the substorm. In this event the plasma flow was not fast but tailward before the fast flow occurred, suggesting that the state of the magnetosphere was in the recovery phase of a substorm. The decreasing auroral activity occurred in the premidnight sector supports this indication. The aurora enhanced again at the site of the preexisting substorm in response to the coming of the tailward fast flow.
[32] There were two bumps in the auroral power during the event. One was associated with a previous substorm and the other was associated with the tailward fast flow. The auroral activity near the foot point of the tailward fast flow did not last for a long time. In general, the nightside auroral power was in a trend of decreasing, as shown in the calculated auroral power rate of change. This event also clearly shows the association of the tailward fast flow with the increasing auroral brightness near the foot point of the fast flow.
3.8. Tailward Flow Event IV: Occurred at 1325 UT, 11 January 1997
[33] Figure 9 shows an event of the tailward fast flow for 11 January 1997. Geotail, which was located at X = À20.3 R E , observed a tailward fast flow period starting from 1325:48 UT. The local magnetic field was initially northward and had a short excursion to southward a few minutes after the tailward fast flow. The short excursion is expected to be associated with the near-Earth reconnection which reconfigured the magnetic field in the tail. There was a short period of b < 0.5 occurring near the end of the event. This period does not significantly affect our identification of the central plasma sheet. The plasma density was steady and the plasma temperature was highly fluctuating during the event.
[34] The auroral images show decreasing auroral activity in the premidnight and postmidnight sectors before the tailward fast flow occurred. Aurora started brightening near the foot point of Geotail at the time of the fast flow and continue to strengthen thereafter. The dawnside aurora kept relatively stable. Although the calculated auroral power rate of change is negative, this event actually suggests that the tailward fast flow is associated with the increasing auroral brightness.
Statistical Studies
[35] To pursue a quantitative study of relationships between the auroral brightness and the fast flows, we calculate the auroral power rate of change for each of the 149 events rather than visually examining the auroral images. Figure  10a shows a scatter plot for the auroral power rate of change versus average V x? . We find that almost all the tailward fast flows are associated with increasing auroral power. These tailward fast flows may be associated with positive B z (blue pluses) or negative B z (red pluses). No red plus is found among points for earthward fast flows. Two of the three events in quadrant iii have been shown in the case studies (Tailward Flow Events III and IV). Although the auroral power rate of change for the two events is negative, these tailward fast flows are actually associated with the enhancing auroral activity near the foot point of the fast flow. The two events should be considered in the category of the increasing auroral power rate of change. For earthward fast flows, half of the earthward fast flows are associated with the recovery phase of substorms, if we define decreasing auroral power as a feature of the recovery phase.
[36] We calculate average B z by averaging positive and negative B z together over periods with with an absolute value of >300 km/s for each event. This average B z represents the characteristic of the magnetic field in the fast Figure 8 . Observations of Polar Ultraviolet Imager auroral images and Geotail plasma and magnetic fields for the 25 February 1998, 1112 UT event. The format is the same as that for Figure 2 , but the horizontal blue line on V x? indicates a threshold value of À300 km/s. flows. Figure 10b shows a scatter plot for auroral power rate of change versus average B z . A negative B z is believed to be associated with the near-Earth reconnection. The near-Earth reconnection can produce upward field-aligned currents, enhancing aurora in the high-latitude ionosphere. Thus it is expected that the auroral power rate of change is positive when a period of negative B z is seen in the magnetotail. Indeed, we see positive auroral power rate of change for almost all points associated with negative B z (see Figure  10b ). For points associated with positive B z , almost half of them are associated with negative auroral power rate of change. Some of these points are for tailward fast flows (red pluses).
Discussion
[37] In Figure 1 we find that a large number of events with positive V x? occurred at near X = À30 R E . If these earthward fast flows are associated with the near-Earth reconnection, the reconnection should occur beyond X = À30 R E . However, the typical near-Earth reconnection usually starts at X > À30 R E as determined statistically by and Machida et al. [1999] . Thus these earthward fast flows are unlikely associated with the nearEarth reconnection. Polarization electric fields [Chen and Wolf, 1993] , the distant reconnection ], a retreat of a tailward flow , and large-scale ULF mode enhancements [Lyons et al., 2002] , are possible processes for the generation of the earthward fast flows.
[38] Since the source region of fast plasma flows is usually not located in the vicinity of Geotail, the fast flows will take a few minutes propagating to the satellite. Uncertainty also exists in mapping auroral features to the magnetotail. From our case studies we find that the enhanced aurora can occur a few minutes before or after the fast flows occurred.
[39] It should be noted that we derive the auroral power rate of change over the course of fast flows for our statistical study. In this way timings between the auroral activation and the fast flows may not significantly affect the accuracy of the derived auroral power rate of change. However, the time-varying patterns of auroral power for most of the case studies show a V-shape like pattern. The auroral power is slightly increased in response to fast flows while the overall tendency of the auroral power is decreasing. This implies that the fast flows are not necessarily associated with largescale auroral activity. Also, we find several events where a full-fledged substorm occurred after fast plasma flows. The fast flows may establish a favorable condition for the current disruption process to proceed, and therefore the substorm may develop following the generation of the fast flows [Ohtani et al., 2002] .
[40] In addition, we calculate the integrated nightside auroral power to evaluate the large-scale impact of localized fast flows on auroral activity. We find that half of earthward fast flows are associated with decreasing nightside auroral power, and the associated auroral power for positive B z events increases and decreases almost equally as often. We also find that almost all tailward fast flows are associated with increasing nightside auroral power and almost all negative B z events are associated with increasing auroral power. Since the relationships between auroral power rate of change and each of B z and V x? are determined separately, both negative B z and negative V x? are good predictors of increasing auroral activity; that is, auroral activity tends to be increasing when either negative B z or negative V x? is observed in the tail.
[41] Figure 10c shows a scatter plot for average B z versus average V x? . The association between B z and V x? can be Figure 9 . Observations of Polar Ultraviolet Imager auroral images and Geotail plasma and magnetic fields for the 11 January 1997, 1325 UT event. The format is the same as that for Figure 2 , but the horizontal blue line on V x? indicates a threshold value of À300 km/s. interpreted by the near-Earth reconnection which produces negative B z and negative V x? tailward of the reconnection site and positive B z and positive V x? earthward of the reconnection site. Moreover, the background B z is usually positive. The negative B z associated with the plasmoid will add to the background B z . If the latter B z is weaker than the former B z , the resultant B z will be negative, and vice versa. This figure is useful to space weather forecast, predicting a trend of auroral activity. When a combination of B z and V x? falls in quadrants ii and iii, there is a 91% chance that the associated auroral activity increases. However, when the combination falls in quadrant i, a 50% chance is for decreasing auroral activity. Note that these prediction rules are valid only for jV x? j > 300 km/s.
[42] It is well known that the magnetotail is highly structured and time-varying. Simulations show the great variety of flows that are occurring in different locations at the same time. Since we have limited observations in the tail, we cannot observe every one of the flows. With the limited number of the flows observed by Geotail, it is sometimes difficult to tell whether the flows are associated with local or global auroral activities. To examine if there is a significant difference between results obtained from the integrated auroral power over the entire nightside auroral region and those obtained from the integrated auroral power over the vicinity of the foot point of Geotail, we calculate the integrated auroral power over a region of 60-80°MLAT and a width of 2 hours MLT centered at the local time of the foot point and then the integrated auroral power rate of change over the course of the flows. We plot the integrated auroral power rate of change versus each of average V x? and average B z in Figure 11 . By comparing Figure 11 with Figure 10 , the number of events in each quadrant has almost no change. Thus whether or not we use the integrated auroral power near the vicinity of the foot point does not affect our results significantly.
[43] One may think that earthward fast flows for X < À20 R E may be associated with the recovery phase, which naturally should look different from those for X > À20 R E . To evaluate this point, we split the fast flow events into two categories (X <À20 R E and X > À20 R E ). Figure 12 shows that 54% of the earthward fast flows for X < À20 R E are associated with decreasing auroral power, but 67% of the earthward fast flows for X > À20 R E are associated with increasing auroral power. This result suggests that a majority of the earthward fast flows for X < À20 R E are associated with the recovery phase, if we define decreasing auroral power as a feature of the recovery phase, and a majority of the earthward fast flows for X >À20 R E are associated with the near-Earth reconnection if increasing auroral power is referred to as a consequence of the near-Earth reconnection. With a further division of earthward fast flows into three local time sectors (2100 -2300, 2300-0100, and 0100 -0300 MLT), it is found that percentage of the earthward fast flows with increasing auroral power for the 2300 -0100 sector is significantly higher than those for the other local time sectors, as shown in Table 1 . This indicates that earthward fast flows occurring near midnight are better Relationships between integrated auroral power rate of change and average V x? . The format is the same that for Figure 12a but for X > À20 R E . Note that the integrated auroral power rate of change was calculated over the nightside sectors (2000-0400 MLT).
associated with increasing auroral activity than those occurring away from midnight.
Conclusions
[44] Previous studies [Fairfield et al., 1999; Ieda et al., 2001] qualitatively examined the aurora near the foot point of fast flows occurring in the magnetotail and concluded that almost all the fast flows are associated with auroral brightenings. In this study we put these previous studies on a quantitative basis.
[45] Most of the results derived from this study confirm earlier studies or substantiate what would be expected. For example, almost all negative B z events are associated with increasing auroral power. For positive B z events, associated auroral power increases and decreases almost equally as often.
[46] The most significant result derived from this study is the difference between earthward and tailward fast flows in association with integrated auroral power. We find that almost all tailward fast flow events are associated with increasing auroral power. Half of earthward fast flow events are associated with decreasing auroral power. This is largely due to the earthward fast flows occurring during the recovery phase since the neutral line retreats after the substorm expansion onset. Results derived from a further division of the earthward fast flows at X = À20 R E suggest that a majority of the earthward fast flows for X < À20 R E are associated with the recovery phase, and a majority of the earthward fast flows for X > À20 R E are associated with the near-Earth reconnection. Moreover, earthward fast flows occurring near midnight are found to be better associated with increasing auroral activity than those occurring away from midnight.
[47] The two predictors (B z and V x? ) can be used to predict a trend of auroral activity for space weather purposes. Auroral activity tends to be increasing when either negative B z or negative V x? is observed in the tail. Also, this study enables us to advance our understanding of the dynamics of the magnetotail and its coupling with the polar ionosphere.
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